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Fig. 1 w a s  p resented  i n  t h e  survey paper of Schryer e t  a l .  ( r e f .  1) and, f o r  
The laser used i s  a Lumonics model 820 TEA laser.  For t h i s  
convenience, is presented  aga in  here.  It i s  a p l o t  of laser ou tpu t  power ve r sus  
t i m e  f o r  106 pulses .  
experiment w e  r a n  a t  30KV d i scha rge  vol tage ,  10  p.p.s. ,  w i th  a gas  mix 16% C02, 
8% N 2 ,  1.3% C O Y  and t h e  ba lance  He.  A s  t h e  f i g u r e  shows, t h e  laser performed a t  an 
e f f i c i e n c y  of z 95% of i n i t i a l  power when opera ted  c losed  c y c l e  wi th  a 2% plat inum 
on t i n  oxide  c a t a l y s t .  However, t h e  term " i n i t i a l  power" i n  t h e  preceding sen tence  
needs exp lana t ion  t o  f u l l y  understand what happens b e f o r e  t h e  c a t a l y s t  is i n t r o -  
duced i n t o  t h e  flow cyc le .  
F igure  2 shows t h e  exac t  sequence of even t s  - t h e  laser is opera ted  i n i t i a l i y  
open-cycle with an i n i t i a l  pulse  energy o f  0.8 j o u l e s / p u l s e .  Af te r  approximately 
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SUMMARY 
with and withou test  in  a c a t a l y s t  and wi th  and 
without  CO a d d i t i o n  i n d i c a t e  t h a t  a c a t a l y s t  i s  necessary f o r  long-term ope ra t ion .  
I n i t i a l  r e s u l t s  i n d i c a t e  t h a t  CO add i t ion  with a c a t a l y s t  may prove opt imal ,  but  a 
p r e c i s e  gas  mix has not been determined as y e t .  A long-term run of  10 pulses  
using 1.3% added CO and a 2% P t  on Sn0p c a t a l y s t  y i e l d s  an e f f i c i e n c y  of about 95% 
of open-cycle s t eady- s t a t e  power. A s i m p l e  mathematical  a n a l y s i s  y i e l d s  r e s u l t s  
which may be s u f f i c i e n t  fo r  determining optimum running cond i t ions .  Future  p lans  
c a l l  f o r  t e s t i n g  va r ious  c a t a l y s t s  i n  the l a s e r  and longer  tes ts ,  10 p u l s e s .  A 
Gas Chromatograph w i l l  be i n s t a l l e d  t o  measure gas  s p e c i e s  concen t r a t ion  and the  
a n a l y s i s  w i l l  be s l i g h t l y  modified t o  include neglec ted  but poss ib ly  important 
parameters .  
6 
7 
INTRODUCTION 
Langley Research Center is a c t i v e l y  engaged i n  t h e  study of c a t a l y t i c  recom- 
b i n a t i o n  of CO2 d i s s o c i a t i o n  products i n  pulsed,  high-energy C o p  lasers .  
paper w i l l  p resent  some r e s u l t s  of t h a t  s tudy,  but w i l l  p r imar i ly  concen t r a t e  on 
those a spec t s  of l a s e r  ope ra t ion  which precede in t roduc t ion  of the  c a t a l y s t .  We 
w i l l  examine t h e  e f f e c t  which gas  flow r a t e s ,  l a s e r  pulse  r a t e s ,  and v a r i a b l e  gas 
composition ( e . g . ,  adding CO t o  the  gas  mix) have on t h e  laser output .  We w i l l  
t hen  examine t h e  imp l i ca t ions  which these  v a r i a b l e s  have on t h e  d i s s o c i a t i o n  and 
recombination in  the  laser with a t tendant  imp l i ca t ions  fo r  use  of c a t a l y s t s .  
This  
I PROCEDURE 
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through t h e  c a t a l y s t  and a f t e r  a few minutes  of  o p e r a t i o n  t h e  s t e a d y - s t a t e  
c o n d i t i o n  of f i g u r e  1 i s  achieved a t  approximate ly  95% of  t h e  v a l u e  of  s t e a d y - s t a t e  
open-cycle energy. 
S i n c e  t h e  drop i n  p u l s e  energy from i n i t i a l  power-on t o  open-cycle s teady-  
s t a t e  v a l u e  i s  l a r g e r  than  t h a t  from open-cycle s t e a d y - s t a t e  t o  t h e  c a t a l y s t - f l o w ,  
c losed-cyc le  va lue ,  we f e e l  i t  important  t o  a n a l y z e  t h i s  t i m e  per iod  and examine 
t h e  s p e c i f i c  e v e n t s  o c c u r r i n g  i n  an a t tempt  t o  unders tand  and p o s s i b l y  t o  l e s s e n  
t h i s  i n i t i a l  energy l o s s .  To accomplish t h i s  g o a l ,  I have performed a mathematical  
a n a l y s i s  which, a l though ex t remely  s imple ,  seems t o  g i v e  r e a s o n a b l e  r e s u l t s .  The 
unknowns i n  t h e  e q u a t i o n s  a r e  determined from a c t u a l  o p e r a t i n g  c o n d i t i o n s  and t h e  
e q u a t i o n s  a r e  then a p p l i e d  t o  more complicated o p e r a t i n g  s i t u a t i o n s  t o  de te rmine  
t h e i r  accuracy and u s e f u l n e s s .  
We cons ider  a carbon c o n s e r v a t i o n  a n a l y s i s  i n v o l v i n g  t h e  two r e a c t i o n s  
i l l u s t r a t e d  i n  the f i rs t  l i n e  of  F i g .  3 .  A g iven  €low o f  COP i s  in t roduced  i n t o  
t h e  l a s e r  where t h e r e  i s  some d i s s o c i a t i o n  of CO1 governed by t h e  r a t e  c o n s t a n t  
KD, some recombination of CO and 0 2  governed by t h e  r a t e  c o n s t a n t  KR, and an 
o u t p u t  flow of COi and CO.  R e f e r r i n g  t o  F i g .  3 ,  carbon c o n s e r v a t i o n  i s  then  
w r i t t e n  both  f o r  t ime-rate-of-change and s t e a d y - s t a t e  w i t h  d i s s o c i a t i o n  (CO 
product ion)  and recombinat ion (C02 product ion)  d e s c r i b e d  on l i n e s  2 ,  3 ,  and 4 .  
D i s s o c i a t i o n  i s  assumed t o  occur  p r i m a r i l y  by impact of  e l e c t r o n s  w i t h  CO2 
molecules  i n  t h e  a c t i v e  d i s c h a r g e  volume of t h e  l a s e r ,  VA, o n l y  d u r i n g  t h e  t i m e  
t h e  d i s c h a r g e  i s  on ,  Ton. 
molecule ,  an oxygen atom and a t h i r d  body, M ,  a t  any t i m e  i n  t h e  t o t a l  l a s e r  
volume, VL.  
p r o p o r t i o n a l i t y  c o n s t a n t . )  The r e s u l t a n t  e q u a t i o n  
Recombination i s  assumed t o  occur  by c o l l i s i o n  of a CO 
( I t  is assumed t h a t  101 can be r e l a t e d  t o  [ C O ]  by some 
r e p r e s e n t s  a closed-form s o l u t i o n  which h a s  c o n s i d e r a b l e  appea l  s i n c e  one can see 
what is  going on i n  t h e  laser gas  more r e a d i l y  than wi th  a more complicated 
s o l u t i o n  involv ing  more v a r i a b l e s .  
K i  = KD [ e ]  (VA/VL)(Ton/Toff) and 
KR = KR ([O]/[CO]) [ M I  
Determina t ion  o f  
can now be accomplished by exper imenta l  p r o c e d u r e s .  
I t 
The experimental  r e s u l t s  used f o r  d e t e r m i n a t i o n  of KD and KR are shown i n  
F i g s .  4 and 5 .  
open-cycle o p e r a t i o n  f o r  two d i f f e r e n t  f low rates  (F = [C02] in) .  .For each flow 
r a t e ,  t h e  l a s e r  is  opera ted  u n t i l  a s t e a d y  s t a t e  i s  reached or [CO,] = 0. 
t h i n g  i n  t h e  gbove e q u a t i o n  (1) is known e x c e p t  K$ and K i .  
nymber and [ C 0 2 1 0 u t  = [ C O p ] i n  ([C02]/N).  
KD and KR can b e  determined.  
w h i l e  v a r y i n g  t h e  p u l s e  r a t e  i s  shown i n  F i g .  5. For t h i s  c o n d i t i o n ,  [Codin  = 
[ C 0 2 1 0 u t  = 0 ,  and, from t h e  d a t a  of F i g .  5 ,  t h e  assumption i s  made t h a t  [ C o p ]  = 
c o n s t a n t .  
Power /Power in i t ia l .  Other  v a l u e s  used were 
[ e ]  = vA/vL = 1/100, 
Fig .  4 i s  a p l o t  of p u l s e  energy a s  a f u n c t i o n  of t i m e  f o r  
Every- 
N i s  t h e  Loschmidt 
A second experiment  us ing  c losed-cyc le  ope,ration 
T h e r e f o r e ,  f o r  t h e  two f low r a t e s ,  
B 
- The assumption is a l s o  made t h a t  [ C o p ] /  [ C O p I i n i t i a l  - 
. f :.' 
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Ton/Toff is p u l s e  width t i m e s  p u l s e  ra te  (where t h e  p u l s e  width is  es t imated  t o  be  
200 nanoseconds which is  n o t  t h e  laser pulse  width but  r a t h e r  an estimate of the t i m e  
width of t h e  e l e c t r i c  d i scha rge  pu l se  when t h e  e l e c t r o n s  are a c t i v e ) ,  and [;/ /[CO] 
was es t imated  to  be 
about t h r e e  o rde r s  of magnitude f a s t e r  than [ O ]  + [CO]  + [MI. 
s i n c e  published values i n d i c a t e  t h a t  [ O ]  + [O] + i s  
I The numerical r e s u l t s  obtained from t h i s  a n a l y s i s  were KD = 2.5 x 10-3/sec 
8 
or KD = cm3/sec and KR = 8 x cm3/sec o r  KR = 3 x cm6/sec. 
The q u a l i t y  of  t he  foregoing ana lys i s  can be judged by comparison of t he  
obta ined  va lues  of KD and KR t o  published va lues .  
i s  one or  two times lo-’ f o r  a temperature of 3 0 0 K .  
i s  fo r  a s i g n i f i c a n t l y  h i  h e r  d i scharge  temperature ,  one expects  a l a r g e r  value of 
KD so t h a t  a value of i s  probably not f a r  out of l i n e .  (There are o the r  
ways t o  ob ta in  KD f o r  h igher  temperatures  which w i l l  be explored in the  f u t u r e . )  
The s i t u a t i o n  for KR i s  more s u s c e p t i b l e  t o  comparison s ince  the  published value 
i s  fo r  3 0 0 K ,  and the  a c t u a l  recombination i n  t h e  l a s e r  a l s o  takes  place a t  t h i s  
temperature .  Accordingly,  t he  obtained value of 3 x compares favorably  wi th  
t h e  published value of two or t h ree  times 
The published value of KD 
Since KD fo r  t h i s  experiment 
The use fu lness  of t he  a n a l y s i s  can be judged by the  a b i l i t y  t o  p red ic t  t he  
ope ra t ing  c h a r a c t e r i s t i c s  of  t he  l a s e r  for  those  cond i t ions  when va r ious  percent- 
ages  of CO a r e  added t o  t h e  gas mix (CO is added a t  the  expense of H e ;  COP and Ng 
a r e  he ld  c o n s t a n t ) .  F ig .  6 shows power ( t ) /power (t=O) as a func t ion  of  t i m e  f o r  
CO a d d i t i o n  of 0 ,  1 .3 ,  5 .2 ,  10 ,  and 15 percent .  I n i t i a l  power tends t o  decrease as 
CO i s  added - t h e  i n i t i a l  power f o r  the case of  15% added CO i s  anomalous probably 
due t o  t h e  increased vol tage  ( 3 2 K V )  required t o  ope ra t e  the laser f o r  t h i s  
cond i t ion  ( t h e  o t h e r  c a s e s  were operated a t  3 0 K V ) .  
For i nc reas ing  CO percentage,  t h e  opera t ing  l i f e t i m e  is  extended,  but only f o r  
t h e  15% c a s e  is a s t eady- s t a t e  achieved ( t h e  10% case  w a s  terminated at 130 minutes 
due t o  some arc ing  i n  the  d i scha rge ) .  The d a t a  of Fig.  6 a r e  not presented he re  a s  
r e p r e s e n t i n g  a new r e s u l t  s i n c e  gas add i t ion  measurements such as these  have been 
c a r r i e d  out  f o r  s eve ra l  years. They a re  presented only as a device  f o r  comparing 
t h e  d a t a  t o  t h e  a n a l y s i s  presented e a r l i e r ,  which comparison is  shown i n  Fig.  7 .  A 
s l i g h t  mod i f i ca t ion  t o  the  equat ion  allows f o r  input  flow of CO and the  r e s u l t s  f o r  
t h e  1 .3 ,  10 ,  and 15% cases  a r e  shown as s o l i d  l i n e s  i n  Fig.  7 .  The comparison of 
a n a l y s i s  wi th  experiment i s  accep tab le ,  the  pred ic ted  s lope  fo r  high percentage CO 
a d d i t i o n  i s  somewhat f a s t e r  than the  measured s lope ,  but  pred ic ted  s teady  s ta te  
va lues  a r e  c l o s e  t o  t h e  measured va lues .  The r e s u l t s  are s u r p r i s i n g l y  good 
cons ide r ing  the  s i m p l i c i t y  of  t he  ana lys i s .  
CONCLUDING REMARKS 
Obviously,  s e v e r a l  s i m p l e  ref inements  could be accomplished t o  inc rease  the  
q u a l i t y  of t he  a n a l y s i s  and i t s  comparison t o  measurements and these  w i l l  be done 
i n  t h e  nea r  f u t u r e .  F i r s t  and foremost w i l l  be the  in t roduc t ion  of a Gas Chromato- 
graph t o  measure spec ie s  concen t r a t ion  as a func t ion  of  t ime. Measurement of gas  
tempera ture  and the  in t roduc t ion  of a gain term i n  t h e  equat ions  should a l s o  
improve t h e  a n a l y s i s .  
and with and without CO a d d i t i o n ,  i nd ica t e s  t h a t  a c a t a l y s t  i s  necessary  f o r  
Closed-cycle C 0 2  laser  t e s t i n g  with and without  a c a t a l y s t ,  
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long-term o p e r a t i o n .  I n i t i a l  r e s u l t s  i n d i c a t e  t h a t  CO a d d i t i o n  w i t h  a c a t a l y s t  may 
prove o p t i m a l ,  b u t  a precise g a s  mix h a s  no t  been de te rmined  as y e t .  
run  of lo6  pu l ses  u s i n g  1.3% added CO and a 2% P t  on SnOp c a t a l y s t  y i e l d s  an 
e f f i c i e n c y  of about 95% o f  open-cycle s t e a d y - s t a t e  power. A s imple  ma themat i ca l  
a n a l y s i s  y i e l d s  r e s u l t s  which may b e  s u f f i c i e n t  f o r  d e t e r m i n i n g  optimum running 
c o n d i t i o n s .  Fu tu re  p l a n s  c a l l  f o r  t e s t i n g  v a r i o u s  c a t a l y s t s  i n  t h e  l a se r ,  and 
7 l o n g e r  tes ts ,  10 p u l s e s .  A GC w i l l  be i n s t a l l e d  t o  measure g a s  s p e c i e s  
c o n c e n t r a t i o n  and t h e  a n a l y s i s  w i l l  b e  s l i g h t l y  mod i f i ed  t o  i n c l u d e  n e g l e c t e d  b u t  
po s s i b  1 y import an t p a r  ame t e r  s . 
A long-term 
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PERFORMANCE OF LUMONICS TEA -820 LASER WITH AND WITHOUT 
CO-Oq RECOMBINATION CATALYST 
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PERFORMANCE OF LUMONICS TEA -820 LASER 
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ANALYSIS 
= [cb211N-  Kb2l OUT - [ d o l  P + [Cb2Ip Carbon conservation: 
Dissociation: [Cblp = k, [CO,] [e l  - - kb [CO,] 
V L  TOFF - 
Recombination: [Ch2Ip = k, [CO] [O] [MI = kk [C0l2 
2 
[Cb21 = [Cb,] IN - [Cb210UT- k; [COeI + k,([Nl - [CO,]) 
F i g u r e  3 
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CLOSED-CYCLE ENERGYlPULSE VS TIME 
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VARIATION OF AVERAGE POWER WITH TIME AS A FUNCTION 
1.2 
1 .o 
.8 
Power Powero .6 
.4 
.2 
0 
OF INITIAL CO CONCENTRATION 
- 
Rep. ra te-  10 p.p.s. 
- b  "h 
20 40 60 80 100 120 140 160 180 
Time, min. 
CO,%. 0,01.3.O 5.2, 0 10.4, A 15.6 
PowerO 
Watts 
8.4, 8.4, 8.2, 7.6, 8.75 
Figure 6 
217 
VARIATION OF AVERAGE POWER WITH TIME AS A FUNCTION 
OF INITIAL CO CONCENTRATION 
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